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1 Introduction 



I have given a similar talk in ref. in 2000, so I will not repeat material that was 
presented there. Rather I will emphasize what is new since that time. The main new 
results fall under the categories of (1) effects of brane cosmology, (2) nonthermal produc- 
tion of sphalerons by preheating, and (3) refinements of the computation of electroweak 
baryogenesis in the MSSM. 



2 Brane-world implications for Baryogenesis 

In the context of large (ADD 0) extra dimensions, it has already been noted that baryo- 
genesis is difficult because of the extremely low reheat temperature that is needed to keep 
light Kaluza-Klein gravitons out of thermal equilibrium, since they would distort the cos- 
mic gamma ray background [0]. A warped extra dimension a la Randall and Sundrum 
(RS) 1^ however provides an interesting possibility: the Friedmann equation is modified 
to the form 

2 SttG J, ^ P 



where A is the tension of the brane on which we are presumed to be living. If A is 
sufficiently small, then the expansion rate could be significantly increased at the time 
of the electroweak phase transition |p, making it possible for sphalerons to go out of 
equilibrium as is required for electroweak baryogenesis, without having to add new physics 
for the purpose of strengthening the electroweak phase transition. Unfortunately the 
modified Friedmann equation is specific to the RS-II model in which there is a just a 
single brane; in the two-brane version that was invented to solve the hierarchy problem, 
the O(p^) correction has the wrong sign for helping with baryogenesis 0. It would be 
interesting to find other brane-world models which had the desired behavior. 

On a more general note, it could be expected that cosmology at the TeV scale (or 
perhaps 100 GeV if we push the parameters) might be rather radically altered in the RS-I 
model, since the TeV brane on which we live in that model should cease to exist as we 



know it at temperatures exceeding this scale |T^-|[T^. At sufficiently high temperatures 
the TeV brane is hidden behind a horizon in the extra dimension. Its emergence is 
associated with a phase transition in the conformal field theory corresponding to the bulk 
graviton degrees of freedom. If this coincides with the electroweak phase transition, the 
situation could be richer than is normally assumed. 



3 Preheating Effects 

One of the holy grails in electroweak baryogenesis is satisfying the sphaleron bound: the 
rate of sphaleron interactions per unit volume must be less than once the baryon 
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asymmetry has been created in order to avoid its relaxation back to negligible levels. I 
mentioned eq. (|T]) as one new idea for achieving this. Another which has gotten some 
attention recently is related to preheating. If inflation occurs with a low reheat temper- 
ature T -C 100 GeV (as one would like for the large extra dimension scenarios), then 
sphalerons could not be created by normal thermal processes. However they might be 
produced by nonequilibrium conversion of the coherent field energy of the inflaton near 



the end of inflation, as has been discussed by A. Rajantie in these proceedings [T^ and 



in the references 0]. 

In order to make this idea work, one can couple the inflaton to the Higgs field in the 
manner of hybrid inflation, through an interaction of the form 



V = X{H^ 



2\2 ,^22 



(2) 



but the COBE observations require that 
diative corrections 
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models [16 



10~^° eV, which is unstable against ra- 
The problem can be ameliorated in inverted hybrid inflation 
in which the inflaton a rolls away from a = instead of towards it, due to the 
addition of some nonrenormalizable operators to V. The number of counterterms which 
need to be fine tuned to keep V sufficiently flat in this model is much smaller than in 
the ordinary hybrid model. Nevertheless, this discussion underscores the difficulties in 
constructing a convincing or natural realization of low temperature baryogenesis. 



4 Electroweak Baryogenesis in the MSSM 

It has become standard to compute the baryon asymmetry due to sphalerons in three 



steps |T3-||22[: first compute the source term that appears in diffusion equations for the 
various species which couple to left-handed quarks (since these are the particles which 
ultimately bias sphalerons); then solve the diffusion equations for the chemical potentials 
of the left-handed quarks. This is easily fed into the sphaleron rate equation to compute 
the baryon asymmetry. Because the network of diffusion equations is complicated, it was 
also standard to employ some simplifying approximations, one of which was to assume 
that the sum of the chemical potentials for the two Higgs fields Hi and H2 is driven to 
zero by interactions involving the top quark Yukawa coupling. In this approximation one 
considers only the source for the difference between the two, and this turns out to be 
suppressed by the fact that the ratio H1/H2 remains quite constant within the bubble 
walls that form during the electroweak phase transition |2^, However, it was pointed 



out by us 1^ that the assumption of top Yukawa equilibrium is not realistic, and that the 
source term for Hi + H2 is much larger than that for Hi — H2, since it is not suppressed 
by the constancy of H1/H2 inside the wall, nor is it very strongly suppressed by the top 
Yukawa interactions. 

Despite this enhancement, we still find that the baryon asymmetry is small, and 
it is rather difficult to tune the parameters of the MSSM to get an acceptably large 



2 



baryon asymmetry. Our results are in contrast to those of [|l^, |2T|, who find larger 
values. The difference comes from our respective derivations of the source term in the 
diffusion equations, which we do starting from the semiclassical CP-violating force acting 
on Higgsinos in the bubble wall 



From this force, one can derive the diffusion 
equations from the Boltzmann equation in a controlled and rigorous fashion. 

It should be emphasized that if we were simply making rough order-of-magnitude 
estimates of the baryon asymmetry based on the semiclassical formalism, our results 
would be in better agreement with those of |]18|, |2^. The suppression comes from the 



detailed properties of our source term for the Higgsinos, which looks like 

Or, 
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(3) 



where is the bubble wall velocity, D~ is the Higgsino diffusion coefficient, (■) denotes 
thermal averaging, and me*^'-^-' is the locally varying Higgsino mass inside the wall. The 
salient feature is that this source is close to being a total derivative, and it must be 
integrated in the solution of the diffusion equations. Its integral is much smaller than 
its typical values, which we would have used had we been doing an order-of-magnitude 
estimate. This can be seen from Fig. 1(a), which shows Sh as a function of distance in the 
wall, and Fig. 1(b), the left-handed quark chemical potential. The latter is several orders 
of magnitude smaller than the former due to the large cancellations which take place in 
integrating the diffusion equations. 
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Figure 1: (a) Higgsino source term versus distance x temperature in wall, (b) Left-handed 
quark chemical potential over T, versus distance xT. 
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As a result, we are forced to take the CP violating phase of the /i parameter to be close 
to maximal, and to assume that the wall velocity and tan/? are close to their optimal 
values, as shown in fig. 2. The required value of Vw is not unlikely [^, but such large 
phases require the squarks to be quite heavy in order to suppress the loop contributions 
to the EDM of Mercury p8[ . Moreover, we need to take the chargino and Higgsino mass 
parameters and m2 to be nearly degenerate, as shown in fig. 3. 




w 

(a) (b) 

Figure 2: Baryon-to-photon ratio xlO^° as a function of (a) wall velocity and (b) tan/? 



In addition to the tunings of parameters already mentioned, one needs for the right- 
handed stop mass to be very light |2^ and the left-handed stop to be heavy. 



Therefore electroweak baryogenesis in the MSSM is not yet ruled out, but it is close to 
being so. Life is easier in the NMSSM though, where the MSSM is supplemented by a 
singlet field. Not only is it easy to make the electroweak phase transition stronger , but 
the CP violation can occur transitionally and thus be relatively free from experimental 
constraints [32|. The semiclassical analysis of the source term in this model has been 



carried out in . 
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